For the first time, we report here a novel top down catalytic approach for the synthesis of aragonite nanoparticles with spherical morphology from cockleshells. Cockle shell is a natural reservoir of aragonite which is a biogenic polymorph of calcium carbonate. Aragonite polymorph is widely used in the repair of fractured bone, development of advanced drug delivery systems, and tissue scaffolds. The method involves an easily performable and low-cost mechanical stirring of the micron-sized cockle shell powders in presence of a nontoxic biomineralization catalyst, dodecyl dimethyl betaine (BS-12). It produces spherical shaped aragonite nanoparticles of 35 ± 5 nm in diameter with a good reproducibility and without any additional impurities at room temperature. The findings were verified with a variable pressure scanning electron microscopy (VPSEM), energy dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM),Fourier transmission infrared spectroscopy (FT-IR), X-ray diffractometer (XRD), and thermogravimetric analyzer (TGA).The reproducibility, low-cost and simplicity of the method suggested its potential applications in large scale synthesis of aragonite nanoparticles with spherical morphology in an industrial set up.
Introduction
Synthesis of nanoparticles with desired sizes, shapes and morphologies has wide ranging interests in industry, biomedical and optoelectronic devices, sensor technologies as well as agriculture, environment and food industry [1] . At present, nano-hydroxyapatite is used in bone paste [2] , and calcium carbonate (CaCO 3 ) nanoparticles are used in the preparation of acrylic bone cement in vitro [3] .Being a cheap and commercially available inorganic particle, CaCO 3 has been extensively used in many industrial products, such as paints, inks, papers, plasticisers, feed-stuff, medicine and biomaterials [4] .CaCO 3 can exist in three polymorphic forms: calcite, vaterite and aragonite [5] . Aragonite is biocompatible, denser than calcite and can be integrated, resolved and replaced by bone [6] . In addition to regular uses [3, 4] , aragonite nanoparticles (ANP) can be used to develop advanced drug delivery systems and scaffolds for bone repair and tissue engineering [6] .
Cockle shell is a natural reservoir of purified aragonite and recently, we have documented a novel method for the synthesis of rod-shaped aragonite nanoparticles from this low-cost and abundant natural resource [6] . However, it has been widely reported that the properties of nanomaterials and nanoparticles are size, shape and morphology dependent [7] . For examples, honey comb gold nanoflakes have superior optoelectronic properties than ordinary gold flakes. Therefore, there is an increasing demand for methodologies for the synthesis of nanoparticles with various morphologies, sizes and shapes to streamline their applications in specialized areas.
Spherical mineral nanoparticles behave quite differently from layered silicates and fibres [8] . The low aspect ratio and large surface area of spherical inorganic nanoparticles result in strong interfacial interactions between the filler and the polymermatrices [9] and provide them superior dispersion properties in various solvents [9] . NanoscaleCaCO 3 is one of the most common spherical nanoscale fillers used in the preparation of nanocomposites and cementing materials for various uses [10] . Currently, various template aided methods such as Langmuir monolayers, self-assembled monolayers, functionalized polymer surfaces, lipid bilayer stacks, crystallization inhibitors, microemulsions, agarose gel and aqueous foam film lamellae are being used for the size-and shape-controlled synthesis of CaCO 3 nanoparticles [10] . However, these methods need purified and expensive chemicals, sophisticated instrumentations, expertise skills, multiple steps and extensive preparation time and thus they are not suitable for large-scale industrial synthesis. Additionally, most of the time, they added impurities and come up with mixtures of various polymorphs which may not be suitable for specialized applications. Here we documented a catalytic method that takes only 2 h, need only very simple instrumentations and general skills to synthesize purified and spherical aragonite nanoparticles from a low-cost and abundant natural resource, cockle shell, at room temperature. It is only a mechanical grinding in the presence of a non-hazardous biomineralization catalyst, BS-12.
Experimental

Preparation of micron-sized cockle shell powders
The micron-sized cockle shell powders were prepared according to our previous report [5] . Briefly, 250 gm of cockle shells (Anadaragranosa) were washed, scrubbed to remove dirt, boiled for 10 min and then cooled at room temperature. The shells were then washed thoroughly with distilled water and dried in an oven (Memmert UM500, Germany) for seven days at 50°C. The cockle shells were finely grounded using a blender (Blendor, HCB 550, USA). The powders were sieved using a stainless laboratory test sieve with an aperture size of 90 μm (Endecott Ltd., London, England) to obtain micron-sized (10-90 μm in diameter) powders [5] .The water used was HPLC-grade of resistance > 18MΩ obtainedfrom a Milli-RO6 plus Milli-Q-Water System (Organex).
Preparation of nano-sized cockle shell powders
Five grams of micron sized cockle shell powders were taken into a 250 ml conical flask.A slurry was formed by adding and mixing 50 ml of distilled water. The conical flask was shacked in an oil bath shaker for 24 h at 80°C. To synthesize CaCO 3 nanoparticles, 1 ml of BS-12 (as obtained from Sigma Aldrich, Steinheim, Germany) was added into the conical flask and was vigorously stirred at 1000 rpm at room temperature for 110 min, 120 min and 130 min using a Systematic Multi-Hotplate and magnetic stirrerbar. The control was treated with equivalent volume of distilled water for 120 min. The prepared sample was separated from the mother liquid using a double ring filter paper of size 18.0 cm (FiltresFioroni, China). The final products were dried for 2 day in an oven (Memmert UM500, GmbH Co, Germany) at 80°C and packed in a polyethylene plastic bag (JP Packaging) for further uses. 
Nanoparticle characterization
The surface morphologies of the synthesized nanoparticles were studied using a variable pressure scanning electron microscope (VPSEM, LEO 1455, Germany) after coating the powder with gold. The crystal sizes and shapes were observed using a transmission electron microscope TEM) (Hitachi H-7100, Japan). The crystalline properties of the particles were investigated using an X-ray diffractometer (Shimadzu XRD-6000 powder diffractometer using CuK α (λ = 1.540562 Å) at 40 kV and 30 mA). Chemical analyses were performed using a Fourier transform infrared (FT-IR) spectrophotometer (Model 100 series, Perkin Elmer) over a range of 280 to 4000 cm −1 at a 2 cm −1 resolution and an average of 64 scans. The decomposition profiles were studied using a thermogravimetric analyzer (SEIKO SSC/5200, Tokyo, Japan). The samples were at first heated at 105°C for 20 min to dry out the moisture and then were heated up to 900°C at a rate of 10°C/min under nitrogen flow (10 ml/min) to prevent oxidation. The weight loss was recorded throughout the process.
Results and discussion
The surface morphologies and crystal structures
The scanning electron micrographs depicting the surface morphologies of the cockle shell powders obtained before (A) and after incubation with BS-12 for 110-(B), 120-(C) and 130-(D) min of stirring are presented in Fig. 1 .While the rod-shaped appearances of the CaCO 3 particles were visualized in the absence of BS-12, large agglomerates and clumps were observed after BS-12 addition. The degree of agglomeration and clumping were proportional to the incubation time. While several clumps were observed for 110 min (B) and 120 min (C) of BS-12 incubation, the particles appeared in a single large clump after 130 min of stirring with BS-12, suggesting a strong inter-particle adhesiveness under prolong incubation with the surfactant [6] . The findings were verified in a triplicate experiment and reproducibility was found.
The transmission electron micrographs (Fig. 2) reflected rod-like micron-sized CaCO 3 crystals of 10-90 μm in diameter in the absence of BS-12 (A) and spherical shaped nano-sized particles of 35 ± 5 nm in diameter after incubation with BS-12 for 120 min (C). The morphologies of the synthesized nanoparticles significantly varied depending on the BS-12 incubation time. Previously, we reported the formation of rod-shaped aragonite nanoparticles when the cockle-shell powders were incubated with BS-12 for 90 min [6] . Here we found the formation of rod-and spherical shaped mixtures (2B) under 110 min BS-12 treatment. While the homogeneous spherical shaped CaCO 3 nanoparticles were obtained for 120 min of BS-12 treatment (2C), the excessive breakdown of the particles were observed after 130 min of stirring with BS-12 (2D). The excessive breakdown of particles produced heterogeneous spherical shaped nanocrystals and probably these were due to the excessive interfacial adhesiveness among the particles under prolong BS-12 incubation that forced them to exist in a single large clump (Fig. 1D) 
2 /degree intensity/a.u. eliminate any potential artifacts. Spherical shaped aragonite crystals mixed with calcite were previously synthesized using a bottom up approach in the presence of BS-12 [10] . For the first time, we documented here a top down approach for the room temperature synthesis of spherical shaped aragonite nanoparticles using simple instrumentations available in most of the laboratories.
The FT-IR pattern of synthesized nanoparticles
The comparative FT-IR stack spectra of the calcium carbonate particles obtained from cockle shell powders in the absence (B) and in the presence of BS-12 with variable incubation time (C-E) are demonstrated in Fig. 3 . is also presented (A). The most prominent absorption peaks of calcium carbonate appeared at 1455 cm −1 in the cockle shell powders under all conditions (B-E) [6] . There were no positional shifts of these peaks in the absence or in the presence of BS-12. These peaks were previously assigned to the alkyl group which are naturally present in the aragonite polymorph [5] .Another weak peak was observed at 1794 cm −1 due to carboxylic stretching vibration [5] . The characteristic peaks that described the signature of aragonite polymorph were observed at 1082, 857, and 706 cm −1
, respectively [11] . These peaks were present in CaCO 3 particles under all conditions, reflecting the natural abundance of aragonite polymorphs in the cockle shells. According to [12] the signature peaks, any contamination of BS-12 in CaCO 3 particles should be reflected by a peak at 2875 and 2993 cm −1
. However, such a peak was totally absent in the FT-IR spectra of aragonite nanoparticles synthesized in this study from cockle shells, suggesting the catalytic role of BS-12 in the breakdown of bulk CaCO 3 into nanoscale dimensions [6] . Additionally, none of the peaks present in the reference spectrum of free BS-12 (Fig. 3A) were found in aragonite FT-IR spectra, further supporting that aragonite nanoparticle were synthesized without any BS-12 impurities.
The XRD pattern of synthesized nanoparticles
The X-ray diffraction patterns of CaCO 3 nanoparticles obtained from cockle shell powders in the absence (B) and in the presence of BS-12 (C-E) are comparatively presented in a stack diagram in Fig. 4 . The diffraction patterns of all particles synthesized under various conditions were similar (B-E). All the diffraction spectra completely matched with the reference spectra (JCPDS file no. 00-041-1475) for calcium carbonate in the aragonite phase (Fig. 4A) [5] .No peaks were found in the XRD pattern that can describe any impurities from BS-12 or others, suggesting the presence of pure aragonite under all treatment conditions (B-E). The XRD patterns of cockle shell powders did not show even any peaks of mixed polymorphs such as calcite and aragonite [10, 13] or calcite, aragonite, and vaterite [4] , demonstrating that pure crystalline aragonite nanoparticles were synthesised in the presence of BS-12, further suggesting the catalytic role of BS-12 as a biomineralization promoter.
TGA curves of the aragonite nanoparticles
The TGA curves for cockle shell powders in the absence (A) and in the presence (B, C and D) of BS-12 are represented in Fig. 5 . The thermal decomposition of both the controlled sample (A) and BS-12 incubated nanoparticles took place in two distinct phases. The first phase was due to loss of water and alkyl group [12] and took place at 230-450°C for the control and 250-500°C for the nanoparticles obtained from BS-12 incubated cockle shell powders for 110, 120 and 130 min. The second phase was due to the decomposition of CaCO 3 [12] and took place at 600-780°C for the control and in BS-12 presence stirring for 110-120 min. However, the decomposition pattern of CaCO 3 nanoparticles obtained from prolong (130 min) of BS-12 stirring occurred at 780-880°C, suggesting an interfacial reaction between BS-12 and CaCO 3 under prolong incubation and stirring [12] . In our earlier report [6] , we reported no change in decomposition of CaCO 3 in the presence of BS-12 when stirring was performed for 80-95 min. In this report, we further observed no change in TGA decomposition up to 120 min of BS-12 incubation. When the incubation time was further increased, an excessive agglomeration and clumping of cockle shell powders were observed as revealed by scanning electron micrograph (Fig. 1) . These over agglomeration and clumping might be due to the interfacial changes between BS-12 and CaCO 3 and were responsible for higher stability of the particles at elevated temperature as demonstrated by the TGA curves (Fig. 5D) .
Elemental analysis of the aragonite nanoparticles
The EDX spectra of cockle shell powder before (a) and after (b-d) BS-12 treatment are represented in Fig. 6 and the elemental compositions are tabulated in Table 1 .The EDX profile did not reveal any significant changes in the chemical composition of cockle shell powders before and after surfactant treatment (Fig. 6) . The cockle shell powders in the absence of BS-12 contained 20.99% carbon, 28.88% oxygen, 0.92% aluminum, 45.08% calcium, 2.88% copper, and 1.22% tellurium. The cockle shell powders in the presence of BS-12 contained 20.93% carbon, 28.95% oxygen, 0.9% aluminum, 45.15% calcium, 2.88% copper, and 1.21 % tellurium. No significant change in the elemental compositions of the obtained cockle shell-based nanoparticles were found after the addition of BS-12, reflecting the catalytic role of BS-12 in the breakdown of larger bundles of cockle shell powders in to the spherical shaped aragonite nanoparticles.
Conclusions
Spherical calcium carbonate nanoparticles with aragonite polymorphs were synthesized from the cockleshells powder using a top down catalytic approach at room temperature. The method needed only 2 h to synthesize spherical aragonite nanoparticles of 35 ± 5 nm in diameter using simple instrumentations available in ordinary laboratories. FT-IR and XRD investigation suggested that the synthesized particles were pure aragonite and contained no additional impurities. However, TGA analysis demonstrated higher stability at elevated temperature, suggesting the surface modification of nanoparticles in presence of BS-12. 
